Abstract. Perimeter, surface area, total hydrodynamic aperture, and degree of hydrodynamic aperture are key landscape parameters used to quantify differences in the biological functioning of Tuamotu Archipelago atolls (French Polynesia). In a previous study, these landscape parameters were computed using Satellite pour l'observation de la terre (SPOT) highresolution visible (HRV) data at 20 m spatial resolution. Since 1999, Tuamotu atolls have been systematically imaged by an array of satellite sensors with a wide range of spatial resolution (from 1 km to 5 m) including the sea-viewing wide field-ofview sensor (SeaWiFS), Landsat enhanced thematic mapper plus (ETM+), and digital photographs taken by astronauts from the International Space Station (ISS). Our goal was to assess the influence of the spatial resolution of SeaWiFS (1 km), ETM+ (30 m), HRV (20 m), and ISS digital photographs (5 m) on the estimation of landscape parameters of Pacific Ocean atolls. Total hydrodynamic aperture and degree of hydrodynamic aperture are the parameters most sensitive to variation in resolution. For the same atoll, the differences between degree of aperture computed from SPOT and Landsat can reach 28%. Conversely, perimeters and atoll surface area estimates are in agreement within 7% using data with resolution from 5 to 30 m. One kilometre resolution SeaWiFS data offer the possibility to rank atolls based on surface area correctly, but only for atolls larger than 70 km 2 . 
Introduction
Most coral reef studies involving remote sensing data have focused on bottom mapping (Green et al., 1996) . The nature of the bottom is key information required by coral reef scientists and resource managers, as it is used to assess the surface area covered by various communities, spatial patterns , productivity (Andréfouët and Payri, 2001) , and changes in benthic coral reef communities over time (Done, 1999; Andréfouët et al., 2001a) . However, information other than the composition and areal extent of benthic communities is also required to understand the functioning of a coral reef system. The dynamics of coral reef systems depends on structural features, especially at the boundaries, as this will affect the way the land (including rivers), atmosphere, and ocean exchange energy and matter with the reefs.
Landscape ecology is the science that studies the exchange of matter and energy between connected ecosystems (Forman and Godron, 1986) . The spatial structure of ecosystems and their boundaries can be characterized in terms of landscape parameters such as surface area, surface of contact, shape, degree of patchiness, aperture, continuity, connectivity, porosity, or fractal dimension (Forman and Godron, 1986; Riitters et al., 1995; Hargis et al., 1998; Hanski, 1999) . Spatial characteristics of land ecosystems can be assessed through in situ assessment and adequate spatial modeling (Legendre and Fortin, 1989) , but large-scale assessments and (or) remote locations require the use of remotely sensed data for optimal coverage (Quattrochi and Pelletier, 1990; Poulter, 1996) . There is substantial consensus that estimates of landscape parameters are sensitive to methods of investigation (Cullinan and Thomas, 1992; Fortin, 1999; Fortin et al., 2000) . When using remotely sensed data, spatial resolution is a critical factor (Woodcock and Strahler, 1987; Benson and MacKenzie, 1995; Atkinson and Curran, 1997) ; the sensitivity to resolution will depend on the type of ecosystem considered. Landscape ecologists presently have access to several satellite platforms with spatial resolutions ranging from 4 m (Ikonos) to 1 km (e.g., seaviewing wide field-of-view sensor, SeaWiFS). Therefore, there is a need to clarify the limits of each sensor for landscape characterization. Obviously, this is ecosystem dependent. In this paper we address the case of atoll environments.
Concepts and methods of landscape ecology (Wagner and Edwards, 2001; Vos et al., 2001) can readily be applied to reef environments. The potential is enormous because habitats and population dynamics are highly structured by physical gradients such as turbidity, hydrodynamics, and light. However, application of landscape ecology to coral reefs is rare (Aronson and Precht, 1995; West and van Woesik, 2001 ). Inferences about ecological phenomena from preliminary landscape characterization efforts (with or without remote sensing) are uncommon, mainly because few sites have been characterized in a way that is consistent enough to enable comparisons between sites.
The atolls of the Tuamotu Archipelago, French Polynesia (Figure 1) , are among the few locations where landscape parameters have been estimated, making it possible to conduct large-scale comparative studies. Atolls are one of the major types of coral reef formations (Guilcher, 1988) . They can be described as a complex made up of three ecological systems: the oceanic outer slope, the rim, and the lagoon. Interaction between these systems depends on the water flows between ocean and lagoon through the rim. The efficiency of these hydrodynamic exchanges depends primarily on three landscape parameters defined in the next paragraph: total hydrodynamic aperture of the rim, degree of hydrodynamic aperture of the rim, and the surface areas of the atoll (or the lagoon) (Andréfouët et al., 2001b) . For brevity, we will no longer use the term "hydrodynamic" when referring to aperture or degree of aperture.
The total aperture of an atoll has been defined as the sum of the width of the sections along the atoll rim that connect the internal "wet" areas of the atoll with the open ocean (Figure 1) . This includes widths of reef flat spillways, passes, and submerged rims along the perimeter of the atoll. The degree of aperture is the ratio of total aperture to perimeter of the atoll (Dufour and Harmelin-Vivien, 1997) . On Tuamotu atoll lagoons, degree of aperture and surface areas quantified with Satellite pour l'observation de la terre (SPOT) images (Andréfouët et al., 2001b) have been identified by statistical multivariate analysis as key factors that explain the differences in benthic and fish community structures (Galzin et al., 1994; Adjeroud et al., 2000) , nutrient regimes (Dufour et al., 2001) , particulate organic matter (Charpy et al., 1997) , phytoplankton biomass (Andréfouët et al., 2001c) , and dissolved organic matter concentrations (Pagès and Andréfouët, 2001 ). Other parameters have less influence (e.g., densities of coral pinnacles) and therefore have not been considered here.
One of the questions raised by the earlier Tuamotu atoll studies was whether the spatial resolution of SPOT data was adequate to compute atoll aperture. At that time, a set of aerial color photographs of Tikehau atoll showed that the degree of aperture computed from SPOT and aerial photographs did not differ by more than 8% (Andréfouët et al., 2001b) . However, it was difficult to answer the question regarding space-based observations because prior to the late 1990s there was no systematic coverage of Pacific atolls by space sensors with different spatial resolution.
In the late 1990s, three satellite missions ensured systematic coverage of reefs worldwide, namely the SeaWiFS, Landsat-7 enhanced thematic mapper plus (ETM+), and International Space Station (ISS) missions. These data provided 1 km, 30 m, and 5 m resolution, respectively, of many of the Tuamotu atolls. This new data set offers the opportunity to investigate the influence of spatial resolution on key landscape parameters of Tuamotu atolls and provides insight into the strengths and weaknesses of each sensor for atoll studies.
Material and methods

Atoll structure and landscape parameters
The general atoll structure in the Tuamotu Archipelago is detailed in Andréfouët et al. (2001b) and summarized in Figure 1 . Here we are interested in comparing the perimeter (in km), surface areas (total, rim, and lagoon; in km 2 ), total aperture (in km), and degree of aperture (unitless) of the rim. The total aperture of an atoll is the sum of widths of reef flat spillways, passes, and submerged rims along the perimeter of the atoll (Figure 1) . The degree of aperture is the ratio of the total aperture to the perimeter of the atoll.
In the Tuamotu Archipelago, tide amplitude is minimal (~0.5 m) and does not change the shape, perimeter, or effective surface area of atolls, since they are characterized by steep outer slopes. This may not be true in other reefs, such as in the Great Barrier Reef in Australia. However, in Tuamotu high At the interface between rim and ocean, the breaking waves are visible in bright white. The flow of water is directed towards the lagoon (black arrow) through the channels. For a given section of rim the total aperture is the sum of the width of the channels, i.e., total aperture corresponds to the sum of the black segments. The degree of aperture is the normalization of the total aperture by the length of the rim section (or perimeter of the atoll if the entire atoll is considered). swells can modify the proportion of submerged rim estimated by space-based imaging. Most of the images used in this study were acquired during moderate swell conditions, as shown by breaking waves patterns visible along the rims (Figure 1) .
Image data set
Limitations in knowledge of extent and location of coral reefs worldwide have prompted since 1999 the systematic coverage of coral reef using various orbital platforms.
SeaWiFS was launched in 1997 for global-scale monitoring of chlorophyll in the oceans. From 21 June to 26 September 1999 it was programmed for systematic acquisition of local area coverage (LAC) data (1.1 km spatial resolution) between 35°N and 35°S . The goal was to establish a baseline data set for global-scale reef mapping. The Tuamotu Archipelago was included in this process. One good (minimal cloud cover) image of the Tuamotu Archipelago acquired on 29 June 1999 was used in this study. The image included numerous atolls of different sizes and shapes, but only 16 cloud-free atolls close to the SeaWiFS nadir were selected to limit resampling-distortion effects. The atolls were, in order of increasing size, Akiaki, Pinaki, Nukutavake, Vahitahi, Vairaatea, Fangatau, Paraoa, Ahunui, Fakahina, Takume, Nengonengo, Aratika, Taenga, Kauehi, Raraka, and Raroia. Georectification was achieved using the SeaWiFS processing package distributed by the National Aeronautics and Space Administration (NASA; SeaDAS V3.2). The image was processed as per Hu et al. (2000) to remove atmospheric effects over shallow lagoons (<40 m depth). Shallow lagoon waters were easily separated from oceanic waters using the 440 and 555 nm bands. Rims include very shallow water (<2 m) and land and were more efficiently segmented using the nearinfrared bands (765 and 865 nm), since these bands provided sharper edges than other bands.
SPOT high resolution visible (HRV; 20 m spatial resolution) images and processing for 51 of the 77 atolls of the Tuamotu Archipelago were described in Andréfouët et al. (2001b) . Landsat-7 ETM+ (30 m spatial resolution) data have been systematically acquired over the Tuamotu Archipelago since mid-1999 according to a long-term acquisition plan (LTAP) (Arvidson et al., 2001 ). Landsat-7 images covering 38 atolls were available for this study. They were processed in a way similar to the methods used for the SPOT HRV images, using a combination of statistical classification to extract the limit of water bodies and photointerpretation to locate the different spillways, passes, and submerged rim sections along the atoll periphery (Andréfouët et al., 2001b) . For comparison purposes, we focus here on the 12 atolls covered by both SPOT and Landsat-7 data. They are Pinaki, Tepoto Sud, Vairaatea, Haraiki, Hiti, Tuanake, Mataiva, Takapoto, Takaroa, Marutea Sud, Amanu, and Tikehau.
The highest resolution images used for this study were 6 m or better resolution digital photographs taken by astronauts from the ISS . The ISS has an average altitude of 407 km. The combination of high-quality windows and highmagnification camera lenses on the ISS provided higher spatial resolution data than had previously been acquired by astronauts. To our knowledge, this is the first remote sensing application of ISS photographs, but Space Shuttle and Space Shuttle -Mir photographs have been useful for many Earth observation studies (Webb et al., 2000 , and references within) thanks to an increase in quality, digital availability, and technical documentation of the data were photographed by the ISS Expedition 2 (ISS002). Four cloud-free photographs of complete Tuamotu atolls, also covered by Landsat and (or) SPOT data, were included in this study (ISS002-ESC-5401, ISS002-ESC-6371, ISS002-ESC-6372, and ISS002-ESC-6373 for Pinaki, Napuka, Fangatau, and Fakahina atolls, respectively). All ISS images were acquired with a 400 mm lens with a 2× extender mounted on a digital camera (Kodak DCS460D), set at maximum aperture (F5.6) and 1/500 shutter speed. The tilt angles were 19, 34, 26, and 29°for ISS002-ESC-5401, ISS002-ESC-6371, ISS002-ESC-6372, and ISS002-ESC-6373, respectively, providing data with little horizontal distortion when compared to satellite imagery. ISS002-ESC-5401 was acquired 20 April 2001, and the three other images were acquired on 21 May 2001. There are a number of technical issues related to remote sensing using hand-held photographs , in particular the lack of geometric correction, lack of calibrated data, and limited spectral resolution. Here, the digital images were georectified using SPOT level 2A or Landsat L1G images. Since the ISS data were almost vertical photographs with minimum distortion, they were resampled to obtain the same aspect ratio of a bounding rectangle calculated on SPOT or Landsat data. Triangulation based on ground-control points visible on both ISS and Landsat-SPOT data provided the ground resolution of the ISS images. The corrected spatial resolution was 5.0, 5.3, 5.6, and 5.6 m for ISS002-ESC-5401, ISS002-ESC-6371, ISS002-ESC-6372, and ISS002-ESC-6373, respectively. Since we were interested in simple structural features (i.e., isolating water from land to estimate surface lagoon and degree of aperture), fine spectral resolution was not strictly necessary. The contrast provided by the ISS photographs was sufficient to recognize boundaries between water bodies and land.
Unfortunately, there are no ground-truth data to validate the estimated landscape parameters. No amount of fieldwork could possibly provide systematic validation of total aperture or surface areas for such a large number and diversity of sites. Since the 1980s, SPOT has provided geographic reference data for mapping purposes in the Tuamotu Archipelago (Fourgassié, 1990; SHOM-SPT, 1990) , even for higher resolution data like aerial photographs (Champomier, 1990) . Therefore, our strategy hereafter when making comparisons is to consider the highest resolution data as the reference.
Results and discussions
For the 16 atolls covered by SeaWiFS, we compared lagoon surface area, rim surface area, and total surface area with the values obtained using SPOT (Table 1; Figure 2 ). Lagoon and total surface areas seem to have been underestimated by SeaWiFS LAC data, whereas rim surface areas were typically overestimated. The cause is the typical width of a rim, which rarely exceeds that of a SeaWiFS pixel (-1 km). Adjacency effects likely contribute to the overestimation of surface area estimates near bright land targets. Results were worse (e.g., (lagoon area) SeaWiFS = 0.31 × (lagoon area) SPOT -0.34, r 2 = 0.89) when considering only small atolls (1.76 < total area < 70.00 km 2 ). Overall, however, the SeaWiFS versus SPOT landscape parameter estimates fit a linear relationship. This means that the statistical relationships between lagoon or total surface areas and ecological-biological data described in Galzin et al. (1994) , Adjeroud et al. (2000) , or Dufour et al. (2001) should remain significant, even at this resolution, if spanning a large range of atoll sizes.
Comparison of total surface area, total aperture, and degree of aperture for 12 atolls covered by both SPOT HRV and Landsat ETM+ is provided in Table 2 and Figure 3 . The agreement for total surface areas is very high. The maximum discrepancy reached 4.2% of the reference SPOT value for Pinaki atoll. There was less correspondence between SPOT HRV and Landsat ETM+ for total aperture and degree of aperture. Landsat underestimated the total aperture, with a maximum discrepancy of 28% for Amanu atoll. To compute the degree of aperture, the perimeter estimate is required, and the agreement was good between both sensors ((perimeter) Landsat = 0.99 × (perimeter) SPOT +0.23, r 2 = 0.99). The underestimate in degree of aperture by Landsat was principally due to four atolls (Tikehau, Amanu, Tuanake, and Tepoto Sud). These presented the highest proportions of rim characterized by a succession of numerous narrow spillways. In the typology of atoll rims described by Andréfouët et al. (2001b) , these rims correspond to the types rim 2, rim 5, and rim 6. For Amanu, Tikehau, Tepoto Sud, and Tuanake, these type of rims represent 71, 53, 49, and 38%, respectively, of the entire rim (Andréfouët et al., 2001b) .
Comparisons of perimeter, total surface area, and degree of aperture between ISS and SPOT or Landsat are provided in Table 3 and Figure 4 . The range of size and degree of aperture covered by this set of atolls was narrow. The perimeters and total surface areas slightly increased at ISS resolution, with a maximum difference of 2.3% in perimeter for Pinaki atoll and 6.6% in total surface area for Fakahina atoll. Total aperture decreased by as much as 25% for Pinaki atoll. The very small total aperture of these atolls, making them sensitive even to tiny variations in sea state or image resampling, explains high discrepancies. Conversely, the degree of aperture appeared constant between ISS and satellite data.
From these comparisons, we make the following conclusions:
(1) Estimation of total areas of atolls is consistent using Landsat, SPOT, and ISS data. The worst discrepancy between these data was less than 7%. A reader familiar with fractal theory (Burrough, 1981; Turcotte, 1992) may find surprising that perimeters remain extremely consistent despite the change in resolution. This good agreement is due to the fact that the contours of atolls are smooth. Thus, the change in resolution from 30 to 5 m did not change the results significantly.
(2) SeaWiFS LAC data (or any kilometre-resolution data) can hardly be recommended for precise measurements of atoll surface areas. It is worth noting that the current estimates of global coral reef extent come from digitized maps with at best 1 km resolution (Spalding et al., 2001) . Our results clearly suggest that this resolution is not adequate for precise or even accurate inventory purposes. SeaWiFS or similar 1 km resolution data are not adequate to quantify coral reef landscape parameters, especially for atolls with surface areas <70 km 2 . In the case of the Tuamotu Archipelago, this represents as many as 45 of the 77 atolls of the archipelago. However, SeaWiFS is of value for ranking and classifying broadly defined ecological systems (atoll, lagoon). In our case, one single image covered a large variety of systems, presenting a cost-effective technique of investigation.
(3) The estimate of degree of aperture of an atoll is sensitive to spatial resolution. Here, we noticed that a change in resolution from 20 to 30 m had an influence for rims with numerous narrow apertures. Typically, the spillway width along these rims is 15-40 m, or close to the resolution of the images. Their narrow width resulted in a loss of accuracy when shifting from 20 to 30 m resolution data. This decrease in resolution underestimated the degree of aperture by as much as 28% for Amanu atoll. A solution to this problem may be to use the panchromatic band of the ETM+ sensor at 15 m resolution, with fusion of the multispectral and panchromatic data. Certainly, a higher diversity of atolls needs to be examined to assess the sensitivity of atoll aperture to changes in resolution. We need to include larger atolls, since the total apertures computed here for small atolls with small total aperture are very sensitive to slight variations. However, it must be pointed out that 5-10 m wide spillways are poor exchange conduits and therefore are not very functional. They are frequently dry or invaded by vegetation. On the other hand, the 20-40 m spillways, which also may not be well resolved by Landsat, are often functional and do need to be included in the calculation of the aperture.
Conclusions
Spaceborne sensor observations of coral reef environments allowed us to assess for the first time the influence of spatial resolution on estimates of landscape parameters of atolls, one major type of coral reef ecosystem. Here, only atolls have been considered for the main reason that relevant landscape parameters were already identified. Similar exercises for coastal reefs would first require the identification of relevant landscape parameters quantifying land-reef exchanges. Methods for estimating such parameters for other reef environments need to be developed. From our comparisons, it appears that estimates of landscape parameters are quite robust, regardless of changes in spatial resolution between about 5 and 30 m. This result promotes a multisensor approach for similar studies. However, this cannot be generalized through the entire range of investigation scales. The landscape scale is only one of the ecological scales relevant for reef studies. Remote sensing of reefs can also focus on geomorphological, habitat, community, and species scales (Phinn et al., 2000) . Spatial resolution is an important factor to consider at any of these scales (e.g., see Capolsini et al., 2003 , for habitat-scale consideration), but adequate spectral resolution is then also clearly of importance.
